A direct-current electric field was investigated as a damping method for thermoacoustic instabilities generated in a horizontal Rijke tube driven by a premixed propane torch. Electrode lengths of 2.54, 5.08, and 15.24 cm were used with electrode locations relative to the burner tip of −4.60, −2.06, and 0.458 cm and voltages up to 4.68 kV being tested. Electrodes downstream of the burner tip, rather than surrounding the burner, and longer electrodes were most effective at damping instabilities. Damping also increased with applied voltage. These findings held true for both laminar and turbulent flames and were in agreement with theoretical predictions made based on two-dimensional static electric field models. Sound pressure level reductions up to 21 dB for the laminar flame, which completely damped the instability, and 4.4 dB for the turbulent flame were seen using the 15.24 cm electrode at 4.68 kV. When the entire Rijke tube acted as the electrode, a reduction of 19 dB was seen for the turbulent flame at 9 kV, which suppressed the instability. The damping effect was attributed to stabilization of the oscillating flame and its unsteady heat release, driven by the combustion instability pressure fluctuations, via the ionic wind. Nomenclature f n = nth-mode resonant frequency L = length of tube n = instability mode of interest Q = heat addition rate per unit volume t = time x = position ζ n = thermoacoustic damping factor
Nomenclature
f n = nth-mode resonant frequency L = length of tube n = instability mode of interest Q = heat addition rate per unit volume t = time x = position ζ n = thermoacoustic damping factor I. Introduction M ANY high-pressure combustion devices such as liquidpropellant rocket engines [1] , solid rocket motors [2] , and gasturbine engines [3, 4] can suffer from thermoacoustic combustion instabilities. These instabilities cause pressure oscillations in a combustor resulting from the coupling of unsteady heat addition/ release and acoustics of the combustion chamber during a combustion process. If the oscillatory pressure variations become a significant percentage of the device's mean operating pressure, the variations can cause a decrease in engine performance (fuel efficiency, thrust output level variations, etc.), increased wear on engine components, and damage to components or even complete destruction of the device itself. Rijke in 1859 first presented his now well-known Rijke tube for the generation of thermoacoustic combustion instabilities [5] . A Rijke tube typically consists of a glass or metal tube and heated wire gauze that generates self-excited thermoacoustic oscillations by the convection of heat from the heated wire gauze to the air within the tube [5] . Rijke tubes are useful for studying combustion instabilities and thermoacoustic oscillations due to their relative simplicity when compared to full-scale combustion devices. The Rijke tube experiences combustion instabilities in longitudinal modes as a result of unsteady heat addition and convection processes within the tube, which also creates an unsteady flame that compounds the issue. Several methods for damping combustion instability in Rijke tubes have been tested. Some recent works include the use of injected air [6] , use of an adaptive system with an external loudspeaker to uncouple acoustic pressure oscillations and unsteady heat release [7] , Helmholtz resonators [8, 9] , and the addition of a secondary heater [10] . A recent overview of passive acoustic dampers and potential challenges associated with implementation of the dampers to real-world engines is given by Zhao and Li [11] . They found the conventional acoustic dampers (Helmholtz resonators, perforated liners, baffles, and quarter/half-wave tubes) to be low maintenance and have high durability. The maximum damping effect for Helmholtz resonators and quarter/half-wave tubes occurs when the resonator/tube's resonant frequency matches the frequency of oscillation to be mitigated. The conventional dampers were typically only effective over specific, narrow frequency ranges and were unable to respond to changes in operating conditions because they lacked control systems. "Tunable" acoustic dampers (tunable Helmholtz resonators and tunable acoustic liners) have been designed and tested by several researchers with control systems being used to actively optimize the damping effect in response to changes in operating conditions. Zhao found tunable acoustic dampers were able to keep a combustion system, a Y-shaped Rijke tube, stable for even large changes in operating conditions. Zhao also states that the selection of the parameter to be tuned (throat size, orifice geometry, etc.), the placement of the damping device and relevant sensors, and robustness of the algorithm used for tuning are the most important considerations to be made when implementing an active damping mechanism.
In this work, a dc electric field is applied to stabilize the unsteady heat release from an oscillatory pressure-driven oscillating flame, reducing and at times fully suppressing the combustion instability. The Rijke tube is used here as a simplified analog to more complicated combustion systems to understand the level of damping possible with electric forcing.
Research on the effects of a dc field on a hydrocarbon flame has been done by many researchers [12] [13] [14] [15] [16] [17] [18] [19] . Results have shown the electric field capable of increased lean blowoff limits, increased flame burning velocity, decreased emissions and soot formation, and enhanced flame stability. The possible application of electric fields to control the flame transfer function and thermoacoustic instabilities have also been suggested [20] though not demonstrated in either simulated or full-size combustors to the best of our knowledge. The most commonly held theory of how the field influences the flame and combustion process is through the ionic wind phenomenon. The ionic wind is caused by collisions between electric field accelerated ions and neutrals in the flame. The ions transfer momentum to the neutrals, creating an electric pressure or body force similar to gravity. Some of the original work on the ionic wind and its effects on flames is given by Payne and Weinberg [21, 22] and Lawton and Weinberg [23] .
Section II presents the governing equations for a Rijke tube used to calculate the theoretical instability modes and optimal burner locations. Section III gives an overview of the experimental setup, hardware dimensions, and details of the data acquisition system used throughout the experiments. Finally, Sec. IV presents the results and discussion.
II. Governing Equations
The convection interaction model presented by Yoon et al. [24] was used to find the influence of heat release distribution on the thermoacoustic stability of the system. The stability of the system is determined by the thermoacoustic damping factor ζ n . The thermoacoustic system behaves like a simple mass-spring damper system; a negative damping coefficient defines the mass-spring system as unstable. Thus, it can be seen that, for thermoacoustic instability to occur, a negative thermoacoustic damping factor is required. For an open-open boundary conditioned Rijke tube operating in the nth mode, the thermoacoustic damping factor ζ n can be found using Eq. (1):
where, for a Rijke tube with open-open boundary conditions,
Q and Y n are both constants (amplification factors); Ω n is the natural frequency of the associated linear acoustic problem in the nth mode; x s is the location of a source of heating rate perturbations; λ is the x location of the cross section of an idealized heating zone; σ n is a phase shift, where ω is the circular frequency; τ is a direct time delay between heat release rate fluctuation and velocity fluctuation; and u c is the convection velocity (assumed to be the speed of sound). For real-world combustors, ω is found to be very close to Ω n [24] , whereas τ ≈ 3∕8 for a Rijke tube as estimated by Carrier [25] . For simplicity, it can be assumed that the source of heating rate perturbations is located at the idealized heating zone, x s λ, reducing Eqs. (1-4):
A graphical solution to Eq. (4) is presented in Fig. 1 withQ and Y n 1, including solutions using τ values of 2∕8 and 4∕8 for comparison to the value estimated by Carrier. Figure 1 shows the maximum negative damping and thus optimal heating zone location to excite the first mode is L∕4, whereas the L∕8 and 5L∕8 zones can be used to excite the second mode. Figure 1 indicates that varying τ has no effect on optimal burner locations for maximum and minimum damping factors; only the amplitudes of the damping factors are affected.
The theoretical frequency at which an air column resonates within a Rijke tube, operating in the nth mode, with an open-open boundary condition can be estimated using Eq. (5):
Here, n is the mode of interest, c sound is the local speed of sound, and L is the length of the tube in question. Any end correction factor is neglected for the frequency estimation.
III. Experimental Setup
For this research, a burner-driven horizontal Rijke tube at the Plasma and Electrodynamics Research Lab at the University of Alabama in Huntsville was used with both glass and metal tubes as the Rijke tube. A commercial propane torch with a removable swirlinducing mixer nozzle was placed on a linear motor to provide the heat source. The torch length was 38.1 cm with the removable mixer nozzle and 31.8 cm without the nozzle. The inner diameter of the burner tip was 1.0 cm with the mixer nozzle and 0.75 cm without the nozzle. The mixer nozzle included four swirl-inducing vanes, allowing a turbulent swirl-stabilized flame to be produced at the fuel flow rates used in the experiments. Propane flow to the torch was metered with an Omega FMA5518A mass flow controller, with an accuracy of 2% of the reading. Holes at the base of the torch allowed entrainment of air to create a premixed flame. Equivalence ratios for the flame are unknown because we were unable to measure the amount of air entrained. For this research, the experimental setups did not involve any mean-flow addition or modification. The tubes were open at both ends; thus, the flame may entrain a small amount of ambient air, but the horizontal placement of the tube was purposefully chosen to avoid significant buoyancy induced flow through the tube. A single PCB Piezotronics' 106B high-sensitivity integrated-circuitpiezoelectric (ICP) acoustic pressure sensor was used to record pressure data. This factory-calibrated sensor has a high resolution (0.00069 kPa), sensitivity of 43.5 mV∕kPa, and high resonant frequency (greater than 60 kHz). The signal from the pressure sensor was fed through a factory-calibrated PCB signal conditioner and then read by a Tektronics MDO3024 oscilloscope at a sample frequency of 5 kHz. A Matsusada AU-10P60 high-voltage power supply was used to generate the electric field between the electrode and the torch. The torch was grounded, and the tube electrodes were biased positive for all tests. A 1 MΩ high-voltage resistor was placed in line with the power supply to measure the electrical current. MATLAB was used to analyze data collected during the experiments. The pressure sensor was mounted at L∕2 and 3L∕4 to measure pressure oscillations while the Rijke tube operated in the first and second mode, respectively. When the glass Rijke tube was used, 0.0254-mm-thick stainless steel shim stock was wrapped into cylinders of three different lengths (2.54, 5.08, and 15.24 cm) and inserted into the glass tube to act as the powered electrode as shown in Fig. 2a .
The glass Rijke tube configuration was used to observe the effect of electrode size and location on the suppression of pressure 
IV. Results and Discussion
Both premixed laminar and premixed swirl-stabilized turbulent flames were tested with the glass and metal Rijke tubes. The laminar flame was generated by removing the mixing nozzle from the torch.
Electrodes of different lengths and locations were tested for both flame types.
A. Resonant Frequency
Most combustion devices have resonant frequencies that are a function of their geometry that can be harmful if excited. This leads to the need to know the specific acoustic frequencies of the combustion chamber. This is easily done with Rijke tubes because they create pressure oscillations at known, predictable frequencies through combustion instability. The propane torch was moved with the linear motor into the tube until an audible instability was generated.
For the glass tube case, the laminar flame induced the first mode of instability with the burner tip located at x 0.1875L, instead of 0.25L as calculated, due to the fact that the heat was being added by the flame, which is not a point source and was located slightly beyond the burner tip. The turbulent flame generated with the mixer nozzle of the burner's location. The first and second modes were excited at the same time in this case because the burner tip was located at x 0.121L. At this location, as shown in Fig. 1 , both modes of instability have a significantly negative thermodynamic damping coefficient; thus, both modes are unstable, but the second-mode instability is the main contributor to the amplitude of pressure oscillations. The deviation from the resonant frequency predictions made using Eq. (5) is due to local heating of the air column within the tube. For the estimations, the air temperature was assumed to be that of the room. However, increased air temperature in the tube caused by heat release from the flame results in a higher of speed sound value than that of room temperature, which in turn yields a higher resonant frequency.
A plot of the Fourier transform done on the pressure data collected during the experiment using the metal tube operating in the second mode of instability with a turbulent flame is shown in Fig. 3c . The burner tip was located at x 0.130L, again exciting both the first and second modes simultaneously, with the second mode being the main contributor to the amplitude of pressure oscillations. The first mode had a resonant frequency of 193.8 Hz, and the second mode had a resonant frequency of 398.6 Hz, whereas the predictions made with Eq. (5) were 189.3 and 378.6 Hz, respectfully. Similar to the results from the glass tube, the predications for the turbulent flame in the metal tube were slightly off due to the heating of the air in the tube beyond the temperature of the air in the room.
B. Static Electric Field Models
To better understand the electric field distribution and intensity of each electrode configuration to be tested, two-dimensional (2-D) static electric field models were developed. The electric field models, shown in Fig. 4 , were made using the Finite Element Method Magnetics modeling software for the different electrode configurations, with hatched bars added to indicate the location of the electrode in each simulation. The flame is neglected in each model due to software limitations in the area of modeling flames. However, the glass Rijke tube is included in the models and can be seen surrounding the centrally located burner. One can see that the location variance of the 15.24 cm electrode between −4.60 and 0.458 cm has an effect on the equipotential line distribution and electric field intensity. To magnify the effect of electrode location, a model for the 15.24 cm electrode at a location of 3.0 cm is also included (although this configuration was not tested due to experimental setup limitations), in which large differences can be seen when compared to the −4.60 cm location. The most notable difference is the directions of the electric field intensity vectors. Electrodes farther downstream of the burner tip have field intensity vectors that are more aligned with the axis of the burner, rather than perpendicular to the axis of the burner, as seen in cases where the electrode encompasses the burner. When effects on the flame are considered, these vectors can be thought of as ionic wind force vectors. Thus, for the same voltage level, it is desirable to have electrodes located farther downstream of the burner tip because electric field intensity vectors are directed more along the burner's axis, making the ionic wind effect more pronounced in its ability to steady the oscillating flame (along the axis of the burner) and the resulting unsteady heat release. The models also show longer electrodes have fields that extent farther downstream of the burner tip, an important characteristic when flame length is considered. When longer flames are used, the electric fields produced by the longer electrodes will better encompass the flame. In turn, the ionic wind effect will be applied to the entire flame rather than to just a small portion of the flame's length, theoretically making longer electrodes more desirable for the electric field control of flames that this research is based on.
C. Glass Tube, Laminar Flame
For the laminar flame, the propane flow rate was kept at a constant 0.154 standard liters per minute (SLM). The Reynolds number of the exiting gas and flame can be calculated assuming a kinematic viscosity of 7.16 × 10 −5 m 2 ∕s for a stoichiometric propane/air flame and using the nozzle inner diameter as the length scale. This results in Re 6.08, fully within the laminar regime. The horizontal orientation of the experiment means that the flame curled upward slightly due to buoyancy. Images of the steady laminar flame in open air, the laminar flame experiencing instabilities, and the flame under electric field damping are presented in Fig. 5 . A dashed outline of the burner exit has been added to show the location relative to the flame. A Pentax Kx digital single-lens reflex camera with a Tamron A017 The buoyancy effect is more obvious in the secondary diffusion flame as seen in Fig. 5a , which is the undisturbed flame outside the Rijke tube. Figure 5b shows the flame under the effect of thermoacoustic instabilities of the first mode resulting in a shortened and asymmetric premixed flame. The flame shape changes rapidly in response to the acoustic oscillations. Figure 5c shows the same position as Fig. 5b but with the instabilities suppressed by the electric field and the ionic wind phenomenon. As clearly seen, the premixed laminar flame returns to an undisturbed symmetric profile, though the secondary diffusion flame appears enlarged and compressed at the flame base. The first instability mode at 202 Hz was studied here because it produced the largest-amplitude oscillations.
Electrode Placement
The electrode location in the glass tube was first tested using the 15.24-cm-long electrode. The goal was to determine an optimal location of maximum damping that later will serve as a baseline location for the testing of different electrode sizes. The 15.24-cmlong electrode was placed at locations −4.60, −2.06, and 0.458 cm, with lengths measured from the left edge of the electrode to the burner tip. For each electrode position, voltages up to 4.68 kV were applied, and the pressure data were recorded. FFTs were done on the raw pressure data collected and are presented instead of the raw pressure traces for clarity. Figure 6 shows the FFT plots for the three electrode locations and the voltage conditions tested along with a plot of the average sound pressure level for each location at each voltage level (see Appendix A for details regarding the method used to determine the uncertainty in sound pressure levels). Sound pressure level can be calculated using Eq. (6):
Lp 20log 10 P rms P ref (6) where P rms is the rms of unsteady pressure as measured by the pressure transducer during the time period of interest, and P ref 2.0 × 10 −5 Pa is a reference pressure, the threshold of human hearing.
At 0 kV, the oscillations are the same for all locations, but it is clear that the level of damping at a given voltage is greatly increased at farther locations. At low voltages, the downstream electrode has the largest effect. At −4.60 cm, 2 and 3 kV had very little effect on the pressure oscillations and have almost identical FFT traces. It is not until 4 kV that noticeable damping occurs. This indicates that there is a minimum voltage required to force the flame and dampen the instability, which is 4 kV for −4.06 cm. This minimum voltage decreases to 3 kVand then 2 kV for the −2.06 and 0.458 cm locations. The −2.06 cm location did see a very small amount of damping at only 2 kV, but the largest change occurred at 3 kV. For the 0.458 cm location, even 2 kV was sufficient to significantly dampen the oscillations. The maximum damping at 4.68 kV was the same for both −2.06 and 0.468 cm, suggesting that a maximum effect is reached as a function of location and/or voltage. Higher voltages could not be tested because streamer formation and shorting of the electrodes would occur.
The results show that 0.458 cm is a good location for damping the thermoacoustic instability. This location places the electrode edge just past the burner tip; thus, the electrode encompasses only the flame and not the burner itself, whereas the 15.24 cm long electrode being at the −4.60 and −2.06 cm locations causes a small fraction of its length to encompass the burner. It is interesting to note that the resultant maximum damping of about 0.04 kPa is approximately 0.0004 atm, which is the theoretical maximum limit of the ionic wind force calculated by Lawton and Weinberg [23] . However, this is likely a coincidence because the Lawton calculation was based on an electric field air breakdown value of 30 kV∕cm, a value not reached in this work. This suggests that greater damping is possible with greater voltages if streamer formation and shorting can be prevented.
An interesting behavior seen from all three locations is that there are always two voltage conditions with almost identical FFT traces and sound pressure levels. This occurs at 2 and 3 kV for the −4.06 and 0.458 cm locations and 3 and 4 kV for the −2.06 cm location. This behavior indicates that there are damping regimes or bands as a function of voltage. The bands may be caused by the generation of certain flow or combustion behaviors at critical electric forcing levels.
Electrode Size
To determine the effect of electrode size on the ability to dampen the oscillations, three different-sized electrodes were used. All electrodes were placed at 0.458 cm relative to the burner tip. As in the electrode location experiment, FFTs on raw pressure data collected are presented instead of the raw pressure traces for clarity. Figure 7 shows the FFTs done on raw pressure data for the 2.54, 5.08, and 15.24 cm electrodes as well as a plot of the sound pressure level for each electrode tested. The 2.54 and 5.08 cm electrodes have about the same level of damping of pressure oscillations. However, a drastic increase in damping capability is seen for the 15.24 cm electrode. It is also noted that the maximum damping at 4.68 kV is the same for all three sizes, indicating that the maximum effect is independent of electrode size. The lack of significant change between the 2.54 and 5.08 cm electrodes, even though there is a doubling of the size, means that there is some threshold for electrode size before the damping level changes. This may be related to the damping bands as a function of voltage. In this case, the different electrode lengths do not change the field strength but do alter the density of electric field lines, suggesting that an electric forcing coverage threshold exists in addition to forcing strength.
D. Glass Tube, Turbulent Flame
To better represent a real-life combustor, a turbulent flame created using the swirl-inducing mixing nozzle was tested. The nozzle created a swirl-stabilized flame and increased the blowoff velocity of the burner, allowing for a much higher fuel flow rate and longer flame. The flow rate of propane was kept constant at 0.414 SLM to primarily excite the second mode of instability at 464 Hz. A Reynolds number was not calculated for this configuration because the mixing nozzle's internal vanes create the turbulent flow, thus any Reynolds number calculated from the nozzle diameter and flow rate would be incorrect. Flow velocity measurements were not obtained in this work, though they are of interest for future studies. Figure 8 shows the turbulence of the flame at the flow rate of 0.414 SLM over a short period of time. The visible light wavelength images were captured using a Vision Research Phantom V711 high-speed camera with a Nikon AF Micro Nikkor 105 mm f2.8-32 lens at a frame rate of 1000 frames per second. Visual imaging was used to determine that the flame could not be considered laminar at flow rates of 0.414 SLM or higher. Evidence of oscillatory shedding behavior of the flames indicates some level of turbulence in the flame. The exact level of turbulence was not characterized because the focus of this study was merely to determine the feasibility of using electric fields to dampen combustion instability driven by a turbulent flame. Damping ability as a function of turbulence intensity is an area for future study.
The first mode of instability could be strongly excited at 0.576 SLM, but the second mode was the focus in this case due to the first mode not being noticeably affected at the voltages tested, a result of the increased flow rate and increased turbulence intensity. Because the ionic wind effect is based on the acceleration of ions and the transfer of momentum, the ionic wind can be viewed as body force on the flame with a certain momentum change available based on voltage. This momentum change is imparted on the exiting gas in the Article in Advance / HENDERSON AND XU "negative" (opposing flow) direction when the burner is grounded and the electrode is positively biased as studied in this work. The higher flow rate results in the gas exiting the burner with a higher momentum. Given that the ionic wind effect is primarily a function of the electric field strength, higher flow rates at the same voltage will result in a smaller change in the momentum of the exiting gas. The 40% higher flow rate for the first mode meant that the electric field was less able to cause noticeable changes.
Electrode Placement
The same electrode locations relative to the burner from the laminar flow experiment were repeated for the turbulent flame. The 15.24-cm-long electrode was placed at locations of −4.60, −2.06, and 0.458 cm as measured relative to the burner tip. Figure 9 shows the FFTs done on raw pressure traces for the turbulent flame case
The damping of the turbulent flame acoustic oscillations was weaker than the laminar flame. The damping was weaker due to the increased fuel flow rate, as previously discussed, and the added turbulence in the fuel flow itself. The added turbulence also adds to the unsteady heat release component of the flame, further feeding into the instability problem because combustion instability is defined as the coupling of unsteady heat release and the acoustics of the chamber. Although the results are not as dramatic as in the laminar flow case, there was still a noticeable difference in the ability to dampen the thermoacoustic pressure oscillations between the different electrode locations as shown in Fig. 9 . It is difficult to see similar voltage regime behavior as in the laminar case due to the lower level of damping and the lack of large variance in the FFT traces. The ideal electrode location was 0.458 cm, just beyond the tip of the burner in agreement with the laminar flow case.
Electrode Size
The same three electrode lengths from the laminar flame case were tested for the turbulent flame at 0.458 cm. Figure 10 shows the relationship between the electrode's ability to dampen pressure oscillations and its length.
The FFT plots and the plot of sound pressure level clearly indicate larger electrodes are more capable of damping pressure oscillations in a turbulent flame. There is little difference between the 2.54 and 5.08 cm electrodes, as with the laminar case; however, a noticeable difference is visible between the 15.24 cm and smaller electrodes. The 15.24 cm electrode shows better damping capabilities over the full voltage range. This finding is in agreement with the laminar flame case.
E. Steel Tube, Turbulent Flame
The glass Rijke tube was replaced with the steel Rijke tube to test the case of the entire combustion chamber acting as the positive electrode. The burner was grounded as previously done.
With the increased inner radius, nearly double that of the glass tube, a higher voltage was able to be applied without streamers or arcing between the two electrodes. Again using a swirl-stabilized turbulent flame, a higher propane flow rate of 0.58 SLM, and a burner tip location of x 0.130L, the second mode of instability was excited with a resonant frequency of 398.6 Hz. The bias voltage could be increased up to 9 kV in this case, which was the maximum voltage output level of the power supply. As expected, the ability to use higher voltage levels produced better damping results than in the glass Rijke tube with a turbulent flame. Figure 11 shows the FFT of raw pressure data along with a plot of the sound pressure level at each voltage level for the steel tube. Figure 11 illustrates that damping of instabilities is still possible even if the entire combustion chamber is acting as the powered electrode.
F. Current Analysis
The dc current through the system was determined by measuring the voltage drop across the 1 MΩ resistor in line with the dc supply using a Fluke 87 V Multimeter, having a voltage resolution of 10 μV and accuracy of 0.05% 1. The measured current as a function of voltage for the glass tube with different electrode lengths in the 0.414 SLM swirl-stabilized turbulent flame case is shown in Fig. 12 , including 95% confidence level error bars (see Appendix B for details on the method used to determine the precision limits). The results show that larger electrodes collect more electrical current than smaller electrodes, and the profiles are similar. A higher current means increased ion flux and thus a stronger ionic wind force, resulting in a larger effect on the flame, in agreement with the findings of Payne and Weinberg [22] .
Looking at the data more closely, similar but shifted curves can be seen. This observation can be initially explained with the fact the Article in Advance / HENDERSON AND XU current to an electrode is given by particle flux multiplied by the area, I JA nevA, where J is the current flux, n is the number density, e is the elementary charge, v is the particle velocity, and A is the electrode area. Because only the electrode area changes, the curves should have very similar profiles but just shifted in current, as is seen in Fig. 12 . For example, the 5.08 cm electrode has double the area of the 2.54 cm electrode. If the current flux was purely a function of area, then one would expect a 2× increase in current at a given voltage. In reality, the 5.08 cm electrode current is only 16.6% higher on average than the 2.54 cm electrode, and the 15.24 cm current is only 89.4% higher on average. The cause of this behavior is due to the fact that the charged particle density is not uniform everywhere and instead decreases away from the flame front [26] [27] [28] . Thus, even if the electrode is made longer, the downstream regions will see a continual decrease in density, which reduces the electron current collected and thus the total current through the system compared to the geometric change.
G. Estimation of Electrical Power Required for Instability Damping
For the damping method presented in this study, it is important to consider the power required by the damping system to suppress the combustion instability compared to the thermal energy of the system. Equation (7) can be used as a first-order estimate of the power (thermal energy) in kilowatts added to the system by the propane burner:
Liter 1 minute 60 s ρ gas (7) where Δ C H°is 50; 322.5 kJ∕kg for propane [29] , _ V is the volumetric flow rate of propane gas in standard liters per minute, and ρ gas is the density of propane 2.01 kg∕m 3 . For the glass tube second mode of instability case where a flow rate of 0.414 SLM was used, Eq. (7) yields a burner power of 0.6979 kW. From Fig. 10d , the maximum damping was achieved at 4.68 kV with the 15.24 cm electrode and an electrical current of 1.64 × 10 −5 A as reported in Fig. 12 . Thus, the electrical power being used to dampen the instability is 7.69 × 10 −5 kW, a mere 0.011% of the burner's power output. This shows that the damping system uses a negligible amount of power compared to the thermal energy (power) input to the combustion system.
H. Instability Suppression Mechanism
When comparing the two flame regimes, the laminar flame is found to be much easier to dampen compared to the turbulent flame. This is due to the fact that the laminar flame requires a lower fuel flow rate, and only the instability of the flame brought on by the Rijke tube needs to be dampened. However, in the case of the turbulent flame, the higher fuel flow rate and turbulence in the flow itself are also factors. The damping effect can be attributed to stabilization of the oscillating flame along with its unsteady heat release, driven by the combustion instability pressure fluctuations, via the ionic wind. It is believed that suppressing the oscillation of the flame using the ionic wind phenomenon allows for the stabilization of the flame's unsteady heat release, which in turn dampens the combustion instability. Unlike baffles, cavities, and other acoustic damping tools, which modify the acoustic properties of the volume and thus reduce instabilities by acting on the pressure waves, the electric field reduces instabilities by acting on the flame itself.
V. Conclusions
This paper presented the results of experiments dealing with the use of electric forcing as a damping method for thermoacoustic pressure oscillations resulting from combustion instabilities in a horizontal burner-driven Rijke tube. The tube was operated in multiple modes of instability for both laminar and turbulent flame regimes. Instabilities resulting from both laminar and turbulent flames were significantly dampened using electric forcing. More specifically, longer electrodes were shown to be more effective at damping instabilities than shorter electrodes, whereas electrodes positioned downstream of the burner tip were more effective than those positioned upstream of the burner tip, a finding in agreement with 2-D static electric field models. These findings held true for both laminar flame and turbulent flame cases. Cases of instability with higher fuel flow rates required higher voltage levels to produce similar levels of damping as cases with lower fuel flow rates. Instabilities caused by the turbulent flame were much harder to dampen compared to the laminar flame, a result of the higher fuel flow rates and added flow turbulence for the turbulent flame.
This research shows that, at atmospheric pressures, electric forcing (through use of the ionic wind phenomenon) is a viable method for active damping of thermoacoustic pressure variations brought on by combustion instabilities in a flame-driven combustor. Further research is needed to understand the exact mechanism of suppression and the scaling of optimum configuration for different combustor geometries. Testing with high-pressure combustors is also needed to determine the applicability to practical high-pressure combustion devices such as rocket engines and gas turbines but is theoretically possible if sufficient field strength can be provided. The largest hurdle expected to be faced when scaling the damping system to a real-world combustor is providing enough electrical power to the damping system to make a significant change in the level of instability seen in the real-world combustor. Voltages in the kilovolt range were needed in the experiments conducted at atmospheric pressures and relatively low fuelflow rates. One can imagine that scaling up the combustor to higher pressures and flow rates would require scaling up of the voltage and power supplied to the electrode as well. Another potential integration challenge is the fact that many real-world engines are composed entirely of conductive material. This means that if one small part of the engine is electrically biased to provide the instability control, the entire engine itself will be biased. This becomes an issue for engine sensors, computers, and other vehicle (if the engine is being used as a means of propulsion) systems. This would require careful planning and electrical isolation of other major engine/vehicle systems.
Appendix A: Sound Pressure Level Uncertainty
The uncertainty in the calculated average sound pressure levels was based on both the pressure sensor's resolution error and noise in the measurement system used. A set of pressure data was collected with the transducer in open air at ambient laboratory conditions to determine the contribution of measurement system noise to the total pressure measurement uncertainty. The error due to noise in the pressure measurement system was determined to be 0.0503 Pa using Eq. (A1), assuming that the noise followed a Gaussian distribution: 
where S p is the standard deviation of the set determined using Microsoft Excel's "STDEV" function, n is the number of pressure measurements in the set, and Z c∕2 is a value determined using Excel's "NORMSINV(P 0.5)" function corresponding to a probability found using Eq. (A2):
The sensor's resolution error was assumed to be one-half of the sensor's resolution (0.6895 Pa), yielding a resolution error of 0.3447 Pa. The two sources of error (measurement system noise and sensor resolution error) were combined using the rms method to find the total pressure measurement error to be 0.3484 Pa. This pressure value was then propagated into the average sound pressure level calculations.
